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Abstract
Molecules and materials constructed from Mn atoms offer diverse assortments of geometrical and spin structures. The diversity of structures, in comparison with other transition
metals, along with nature’s decision to use a Mn-based molecule to catalyze solar-driven
water splitting and oxygen evolution, suggests that there is indeed something special about
the location of Mn valence electrons, both energetically and geometrically, that endows Mn
with its multifaceted behaviors that, in turn, provide such chemical, physical and magnetic diversity. Based upon recent work on the Mn3 monomer and the Mn(taa) there is
an expectation that Mn 𝐼 𝐼 𝐼 centers can exist in local spin states with S=2 (3𝑑 ↑↑↑↑) or S=1
(3𝑑 ↑↑↑↓). While the high-spin states are usually more stable based on Hund’s first rule,
the Mn3 monomer and the 𝑀𝑛(𝑡𝑎𝑎) provide examples where the presence of S=1 states
is energetically favorable. In this work we examine the possibility that such S=1 centers, referred to as Spin-Flip Excitons (SFE) can exist in the Mn12 O12 (COOR)16 [H2 O]2
molecule (Mn12 -Ac). Our results shown that up to eight of these excitons can exist as
metastable electronic states. We examine the relative stability per exciton as a function
of the number of these excitons and determine spin-crossover paths between the Mn12 -Ac
zero-exciton ground state (S=10), a four-exciton state (S=6) and an eight-exciton state
(S=2). The magnetic anisotropy of these states decreases monotonically and significantly
with the number of excitons. In other words the creation of excitons provides a means for
switching the magnetic strength.

vii

Table of Contents
Page
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

Table of Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

viii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

x

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

xi

Chapter
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1

1.1

Magnetism: Origin of Magnetic Moment . . . . . . . . . . . . . . . . . . .

1

1.2

Ferromagnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3

1.3

Molecular Magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4

1.4

History: Mn12 − 𝐴𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5

1.5

Dexterity of Mn12 − 𝐴𝑐 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8

1.6

Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9

2 Theoretical Background: Density Functional Theory
2.1

. . . . . . . . . . . . . . .

12

Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

13

2.1.1

Electronic Structure Theory . . . . . . . . . . . . . . . . . . . . . .

13

2.1.2

Born-Oppenheimer Approximation . . . . . . . . . . . . . . . . . .

14

2.2

Hohenberg-Kohn Theorem

. . . . . . . . . . . . . . . . . . . . . . . . . .

16

2.3

Kohn-Sham Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

17

2.4

Different types of Density Functionals . . . . . . . . . . . . . . . . . . . . .

19

2.4.1

Local Density Approximation (LDA) . . . . . . . . . . . . . . . . .

19

2.4.2

Generalized Gradient Approximation (GGA) . . . . . . . . . . . . .

20

Self-Interaction Correction to Density Functional Theory . . . . . . . . . .
viii

21

2.5

2.5.1

Perdew-Zunger Self-Interaction Correction (PZ-SIC)

. . . . . . . .

22

2.5.2
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Chapter 1
Introduction
1.1

Magnetism: Origin of Magnetic Moment

Magnetism is found everywhere around us if we look closely. From the macro level (planets,
galaxies) to micro level (electrons, protons, neutrons), everything containing charges that
rotates can generate a field is called magnetism. Let us consider spin at the atomic level.
The inherent spin states of an electron are referred to as up (𝛼) and down (𝛽) spin. A
magnetic field is formed as an electron orbits the nucleus, a process known as electron
orbital motion. The magnetic characteristics of a system are induced by a combination of
the spin-orbit and unpaired electrons [54]. In metal complexes, d-electrons are primarily
responsible for the magnetic behavior seen in real-world applications.
In classical theory, magnetism was well defined before quantum mechanics by Lenz’s
law in 1834 that states [3]:
When a substance is placed within a magnetic field, H, the field within the
substance, B, differs from H by the induced field, 4𝜋 I, which is proportional to
the intensity of magnetization, I.
𝐵 = 𝐻 + 4𝜋𝐼
Here

𝐵
𝐻

4𝜋𝐼 𝐼
𝐵
=1+
( = 𝑘)
𝐻
𝐻 𝐻

(1.1)

is called the magnetic permeability of the material and k is the magnetic suscepti-

bility per unit volume,

𝐼
𝐻.

The equation for magnetic moment (𝜇) from susceptibility (𝜒)

is given by:
𝜇 = 2.828( 𝜒𝑚 𝑇) 1/2
1

(1.2)

Because k=0 in vacuum, B=H. Magnetic moments (𝜇) measured experimentally and calculated using the equation above can provide critical information about complexes, such as
the number of unpaired electrons present, the distinction between high spin (HS) and low
spin (LS), as well as the complexes’ spectral behavior and structure. The electron’s orbital
motion creates the orbital magnetic moment 𝜇𝑙 , while the electron’s spin motion provides
the spin magnetic moment (𝜇 𝑠 ). In the case of systems with many electrons:

𝐿 = 𝑙1 + 𝑙2 + 𝑙3 + ...

S = s1 + 𝑠2 + 𝑠3 + ...
𝜇𝑙+𝑠 = [4𝑆(𝑆 + 1) + 𝐿(𝐿 + 1)] 1/2 𝐵.𝑀
(1.3)

This equation can be seen in a later chapter where it is used to calculate the < 𝑆 2 > value
for three different configurations of 𝑀𝑛12 − 𝐴𝑐 which is the primary focus of this work. The
orbital angular momentum is denoted by l , whereas the spin angular momentum is denoted
by s. In transition based metal complexes, magnetic properties arise from the d-orbitals
which are perturbed by the ligands. Due to the fact that ligands often constrain orbital
motion, the L component of the preceding equation is reduced, resulting in:

𝜇 𝑠 = [4𝑆(𝑆 + 1)] 1/2 𝐵.𝑀

S ≈ 𝑛(1/2) ≈ 𝑛/2
𝜇 𝑠 = [𝑛(𝑛 + 2)] 1/2 𝐵.𝑀
(1.4)
2

Which is defined as the spin-only formula and n represents the number of unpaired electrons.
Contributions from the orbital angular momentum is considered if the orbitals in which
it resides are degenerate (𝑡2𝑔 ), comparable in shape and size, interconvertible through rotation, and do not include identical spin electrons during transformation. These conditions
are satisfied only when one or two orbitals contain electrons that are partly filled. Under
this conditions, a magnetic moment is induced due to delocalization of electrons from one
orbital to another which makes the orbital angular momentum non-zero (equation 1.3).

1.2

Ferromagnetism

In ferromagnetism, transition metals such as Iron, Nickle, Cobalt and other elements and
alloys that include transition or rare-earth elements exhibits a spontaneous magnetization
phenomenon in the absence of applied magnetic field. The phenomenon is caused by spontaneous alignment of atomic magnetic moments, which disappears when the temperature is
raised over a critical temperature known as the Curie point(T𝑐 ). The magnetization tends
to lay along easy directions given by the crystal structure or their shape. Above the Curie
temperature the region the substance is becomes paramagnetic and gives the susceptibility
as:
𝜒=

𝐶
𝑇 − 𝑇𝑐

(1.5)

Here C is the Curie constant . This is the Curie-Weiss law [24]. Because the magnetization
of the moments occurs spontaneously in ferromagnetic materials, it is assumed that an
internal field is present to cause this magnetization. Weiss made the assumption that
3

the magnetic field is proportional to the magnetization of the magnet. Until Heisenberg
introduced the idea of the exchange interaction in 1928[18]. The exchange interaction is a
result of the Pauli exclusion principle and the Coulomb interaction between electrons.
Inorganic materials have traditionally been used in magnetic applications. Organic and
molecular materials, on the other hand, started to show signs of rising potential. Exhibition
of long-range magnetic order at very low temperatures in the vicinity of 1 K in organic
ferromagnets, it was deemed conceivable to construct molecule-based magnets in which
transition metal ions are employed to generate the magnetic moment while organic groups
serve as a medium for the interactions. This strategy has resulted in magnetic materials
with a wide variety of structures, including chains, layered systems, and three-dimensional
networks, some of which exhibit ordering at room temperature and some of which have
extremely high coercivity. Another advancement of ferromagnetism was the creation of
single-molecule magnets, which are created by constructing tiny magnetic clusters. These
materials can exhibit macroscopic quantum tunneling of magnetization and be useful as
memory devices or in quantum computing.

1.3

Molecular Magnetism

Molecular magnetism is a relatively new field of study that focuses on the design, production, and exploration of molecular materials’ magnetic characteristics. Single molecules
and collections of molecules can display magnetic characteristics if we scale down from bulk
dimension to smaller units. This phenomenon is known as molecular magnetism [14, 9].
The origins of molecular magnetism may be traced back to the late 1970s quest for organic
ferromagnets [9]. Since organic matter exhibited metal-like conductivity, it was thought
that organic building blocks might be used to produce ferromagnetic materials. Room temperature organic ferromagnets have proved to be far more difficult to create than organic
conductors and semiconductors, and to this day it is an active research area to reach this
4

goal. The idea of systematically using molecules to give rise to new magnetic properties
has elevated the interest in the idea that molecules can store singular bits of data and could
be utilized in ultra-high-density data storage or quantum computing [28]. At the moment,
however, such devices can only operate at temperatures below 20 K. As a result, one of
the primary goals of single-molecule magnetism research is to develop systems with much
greater barriers and hysteresis temperatures.
Magnetism is often thought of as a large-scale phenomenon. Magnetic materials with
long-range ordering of unpaired electrons over several atomic centers are what give them
their characteristics. Because of this, there remains a residual magnetic moment, which we
often refer to as magnetism. Although at the molecular level the energy normally needed
to ’switch’ magnetic states is very small, it may be maintained at room temperature by
individual molecules with unpaired electrons if the magnetic moment is large enough. We
are looking into ways to use magnetism to store information at the molecular level. We are
using carefully constructed metal-organic systems that have demonstrated that they can
adapt itself into many different low-energy spin and geometrical structures. Investigating
the presence of low-lying excited states in molecules such as Mn12 -Ac that has a highdensity information storage is important from the stand point of quantum information
storage devices and switching in qubits. We will concentrate on one of the two intensively
studied single-molecule magnet (SMM) Mn12 -Ac in this work.

1.4

History: Mn12 − 𝐴𝑐

Mn12 -Acetate is composed of twelve Mn ions coupled by super-exchange through oxygen
bridges. It has two acetic acid molecules and four water molecules. It has 8 outer 𝑀𝑛3+
with S=2 and 4 inner cubane 𝑀𝑛4+ with S=3/2. Additionally, the inner four Mn (IV)
ions are ferromagnetically connected to one another, as are the eight outer crown Mn (III)
ions. However, since these two kinds of ions are anti-parallel, it has a total spin S=10
5

Figure 1.1:

The Mn12 -Ac molecule has three inequivalent atoms. We refer to the
Mn ions on the cubane unit as Mn1, the Mn ions that are coordinated
by water molecules as Mn2, and the Mn ions that are coordinated by
two acetate ligands as Mn3. Here, the Mn1, Mn2, and Mn3 are depicted
in yellow, pink and green, respectively.

ground state with a magnetic moment of 20𝜇 𝐵 . The molecule is displayed in figure 1.1. It
has large anisotropy that makes it ideal to study single molecule magnet (SMM) quantum
effects. Despite having a low critical temperature of just 2 K, this molecule possesses
an extremely high energy barrier of 60–62 K [52]. The spin system seems to be able
to overcome this barrier at low temperatures, according to several investigations [13, 6].
Powder sample hysteresis loops, and single crystal hysteresis loops, show steps below 3 K.
Symmetry reduces the orbital contribution to magnetic moment, and this anisotropy (D)
is often represented in terms of an effective spin Hamiltonian as:



𝐻 = −𝐷𝑆 2𝑧 + 𝐸 𝑆 2𝑧 − 𝑆 2𝑧 + 𝑔𝜇 𝐵 𝑆 · 𝐻

(1.6)

There are three terms: the axial anisotropy (D), the transverse second-order magnetic
anisotropy (E), and the Zeeman interaction which are related to the energy barrier between
quantum states. E=0 for uni-axially symmetric molecules. Anisotropy constant D is negative, so the 𝑆 𝑧 =10 level has the lowest energy, while the 𝑆 𝑧 =0 level has the highest. Due to
the absence of an external field, all micro states with the same absolute value (|𝑆 𝑧 | = 10)
6

have the same energy, hence, pairs with the same energy level may tunnel each other, resulting in an acceleration of magnetic relaxation. When two micro states (spin up and spin
down) with opposite spin numbers have the same energy, quantum tunneling can occur.
Otherwise, the transition time is governed by:
−𝑈

𝑇 ≈ 𝑒 𝐾𝐵 𝑇

(1.7)

Mn12 -Acetate was the first molecule to demonstrate slow magnetization relaxation at
low temperatures, which was discovered in 1993 [52]. This resulted in the discovery of a
new field known as single-molecule magnets (SMMs), which involves molecules that act
as single-domain magnetic particles. Close examination of the hysteresis loops of Mn12 Ac revealed a predicted quantum phenomenon that had never before been observed with
certainty, quantum tunneling of magnetization (QTM) [51]. This finding generated a surge
of interest in single-molecule magnetism in the physics field, which has continued to this
day. The fact that SMMs have a QTM means that they have the ability to operate as qubits
in quantum computers, which is one of its impact. In 2001, Leuenberger and Loss[29] in
their study stated that such architecture can be used for quantum computing. Mn12 -Ac
and such molecules are promising candidates for high molecular density storage devices,
spintronics and wireless communications. Although the study is not entirely focused on
the construction and testing of qubits, it is an endeavor to discover new electrical and
magnetic characteristics in Mn12 -Ac, which continues to amaze us after many decades.
The discovery and prediction of low-lying excited states in such compounds is critical for
detecting previously unknown spin cross over pathway between various excited states in
such molecules. We will discuss Spin Crossover (SCO) in a later chapter.

7

1.5

Dexterity of Mn12 − 𝐴𝑐

Many simulations on Mn-based molecules and solids have led to the logical conclusion that
the atom’s capacity to adapt itself into a variety of low-energy spin and geometrical forms
is fundamental to its function in nature. However, there are some signs that the ordering
of these structures may be altered in certain situations by the use of different relative
accuracy of quantum methods in their construction. In the case of Mn12 , as established in
Refs [31, 17], and for Ni4 , as demonstrated in Refs [36, 12], exchange coupling signs and/or
equilibrium moments may alter depending on the computational details and the choice of
functional. Discovering the optimal functionals for such occurrences will be significant task
for the next 4–5 years, owing to the fact that these energies are critical for quantum energy
and information applications.
The homo-nuclear diatomic Mn2 dimer is possibly the most straightforward illustration
of Mn based molecule’s dexterity and flexibility. There has been some investigation into
the structure of the Mn2 dimer in the references [55, 50, 39, 21]. Reference [55], describes
electron spin resonance (ESR) investigations that were conducted to establish that Mn2
may exist in a van der Waals (vdW) ferromagnetic state. Subsequent computational studies by Reuse et al [50] and Pederson et al collectively demonstrated the meta-stability of
the vdW AF Mn2 dimer, the existence of multiple electronically stable magnetic states
within at least two early density functionals, and the importance of the use of non-local
core corrections if pseudopotential frameworks are used for the investigation. In Ref. [39],
Pederson et al. proposed that the most energetically stable state of the Mn2 dimer, within
the Perdew-Burke-Ernzerof (PBE) generalized-gradient approximation (GGA) [43], is a
ferromagnetic (FM) Mn2 dimer, which included the coexistence of localized Mn moments,
associated with valence electrons on each atom, and a doubly self-interaction corrections.
According to the findings of that study, might alter the ground-state configuration because
they could lead to more localized 4𝑠 states, which would then favor antiferromagnetic
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ordering over covalent 4𝑠 − 𝜎𝑔 bonds. Very recently Ivanov et al [21] have performed selfinteraction corrected calculations on the Mn2 dimer. The findings of their study support
this claim. This is important to notice since the bulk Mn crystal chooses an extremely
sophisticated 58-atom anti-ferromagnetically ordered doubled unit cell, which is not observed in any other transition-metal crystal [11]. By its very nature, the presence of this
solid phase demonstrates that, in the presence of a large number of atoms, any potential preference for vdW dimers is finally overridden by the strength of quasicovalent or
metallic bonding. According to Ref [39], as the cluster size increases, the moment per
atom decreases, indicating that precise quantum-approximations will not choose vdW-like
bonding at the condensed phase limit. Several recent applications of density functionals,
including the strongly-constrained and appropriately normed (SCAN) functional [53], have
demonstrated improved predictability for solid Mn, but they have also discovered that
when non-collinearity is included, the system relaxes away from the experimental bond
lengths [49].

1.6

Motivation

In terms of manganese contributions to the world’s energy ecosystem, it oxidizes readily,
and forms many MnO-based nano-structures and molecules that are important to use in
batteries [4, 56], molecular magnets and qubits [52, 51, 13, 6], and solar-induced water
splitting [32]. In our own research we have recently determined that the preferred magnetic
structure of a ligated Mn3 qubit is composed of local spins of S=1 (rather than S=2) [20].
Similar observations have been made by Cheng et al [58] and Trickey et al [2]. These
results are interesting and raise the possibility that the presence of S=1 centers in lowenergy electronically excited states of Mn12 -Acetate (Mn12 -Ac) may have been overlooked
in previous investigations. The presence of such centers could be of generic interest from
the standpoint of temporarily storing incident light, subsequent to internal conversion,
9

that is captured by an Mn-O structure, or from the perspective of quantum information
applications that could exploit excited-state S=1 Mn centers for manipulation of quantum
information or switching in qubits.
Before continuing we make an important point about our nomenclature. In this introduction and throughout the thesis we have referred to various structures of Mn12 -Ac
with labels of ”S=10”, ”S=9”, ”S=6” and ”S=2”. We use this nomenclature for simplicity
in presentation but affirm that these structures are not eigenstates of S2 . They are however eigenstates of S𝑧 . A formal discussion of how to project spin eigenstates out of these
structures may be found in Ref [30] and discussions of features related to broken symmetry/spin unrestricted methods are plentiful with some of the earliest discussion relevant to
transition-metal based molecular magnets due to Nesbet [33], and Davidson and Clark [14].
The use of the spin-unrestricted methods, as also used here, is necessary and appropriate as
the field of magnetism is intimately tied to effects that are due to a multitude of degenerate
electron and spin states. In such cases, it is both futile and irrelevant to find eigenstates
as the interesting physics is often more dependent on the evolution of non-stationary spin
states than on physics directly associated with low-energy excitations between eigenstates.
Also in terms of nomenclature, when we refer to symmetry labels of the entire molecule,
we will use capital letters (T, A1 and A2 ). When we refer to approximate symmetries
associated with localized orbitals on the Mn centers we will use small letters (s, p, t2𝑔 and
e𝑔 ). The Mn12 -Ac molecule has three inequivalent atoms. We refer to the Mn ions on the
cubane unit as Mn1, the Mn ions that are coordinated by water molecules as Mn2, and the
Mn ions that are coordinated by two acetate ligands as Mn3. In Fig. 1.1, the Mn1, Mn2,
and Mn3 are depicted in yellow, pink and green, respectively.

The rest of this thesis is organized as follows. In chapter 2 the theoretical methods used
in this study are described in detail. In chapter 3 we go over computational methods in
detail. In chapter 4 we review the S=10 Mn12 -Ac molecule and explain its low-lying excited
10

states: M𝑠 =6, M𝑠 =2 and M𝑠 =9. To describe these systems, we discuss both forbidden spin
flip excitons (FSFEs) and non forbidden spin flip (NFSFEs) and further discuss the results
of our work. And finally in chapter 5 we present our conclusion of our study and future
work.
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Chapter 2
Theoretical Background: Density
Functional Theory
Physicists, chemists, and materials scientists utilize density-functional theory (DFT) to
study the electronic structure (or nuclear structure) of many-body systems, particularly
atoms, molecules, and condensed phases. The characteristics of a many-electron system
may be calculated by employing functionals, which are functions of another function, in
accordance with the principles of this theory. The electron density is spatially dependent
in DFT, hence they are functionals of the geographically dependent electron density. DFT
is one of the most widely used and adaptable approaches accessible in condensed-matter
physics, computational physics, and computational chemistry, and it is used in many different fields. This work and results are based on density functional theory and this chapter
will give a theoretical background on density functional theory.
This theory was founded on a theorem developed by Hohenberg and Kohn [19, 25]. The
original theorem was used to calculate the electronic energy of a molecule in its ground
state. It was Kohn and Sham that created a technique that was structurally comparable
to the Hartree-Fock method, which was used to implement a practical application of this
theory.
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2.1
2.1.1

Fundamentals
Electronic Structure Theory

The study of electrons in matter is called electronic structure theory [5]. Many natural
phenomena may be explained by coupled electron mobility in these systems.
The Schrodinger equation governs the behavior of these electrons in quantum mechanics.

𝐻|𝜓 >= −𝑖ℏ

𝜕
|𝜓 >
𝜕𝑡

(2.1)

√
Here i is the imaginary unit ( −1), ℏ indicates the reduced Planck constant, t is the
partial time derivation, and H denotes the Hamiltonian operator. For evaluating stationary
states Schrodinger’s equation can be written as:

𝐻|𝜓 >= 𝐸 |𝜓 >

(2.2)

Here E is the total energy of the system in the stationary state |𝜓 >. Numerous
electrons and multiple atomic nuclei characterize all atomic systems other than hydrogen.
Such a system, consisting of N nuclei and n electrons, can be defined by the multi-electron
Hamiltonian:
𝑁
𝑁
𝑛
𝑁 𝑛
𝑛
𝑛
𝑁
∑︁
ℎ2 ∑︁ 2 ∑︁ ∑︁ 𝑍𝑖 𝑒 2
1 ∑︁ ∑︁
𝑒2
ℎ2 2 1 ∑︁ ∑︁ 𝑍𝑖 𝑍 𝑗 𝑒 2
∇ 𝑅𝑖 +
−
∇𝑟𝑖 −
+
𝐻=−
2𝑀𝑖
2 𝑖=1 𝑗=1,𝑖≠ 𝑗 |𝑅𝑖 − 𝑅 𝑗 | 2𝑚 𝑖=1
|𝑅𝑖 − 𝑟 𝑗 | 2 𝑖=1 𝑗=1,𝑖≠ 𝑗 |𝑟𝑖 − 𝑟 𝑗 |
𝑖=1
𝑖=1 𝑗=1

(2.3)
The nuclei’s kinetic energy and the nuclei’s interactions are represented by the first
two terms in this equation. Third, there is kinetic energy of the electrons, followed by
electron-ion interaction and electron-electron interaction, respectively. In equation 2.3 the
Lapacian operator is defined as the sum of the differential operators:

∇2𝑞 =

𝜕2
𝜕2
𝜕2
+
+
,
𝜕𝑥 𝑞2 𝜕𝑦 2𝑞 𝜕𝑧 2𝑞

−𝒓 − →
−𝒓 ,
𝑟 𝑝𝑞 = →
𝑝
𝑞
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→
−
→
−
𝑅 𝑃𝑄 = 𝑹 𝑃 − 𝑹 𝑄

(2.4)

Equation 2.3 gives us a complicated multi-atom-multi-electron Schrodinger equation:
−
→
−−→ −
−
→
−−→ −
−
→
−→ −
−
−
−
𝐻 ( 𝑹1 , ..., 𝑹 𝑵 ; →
𝒓 1 , ..., →
𝒓 𝒏 )𝜓( 𝑹1 , ..., 𝑹 𝑵 ; →
𝒓 1 , ..., →
𝒓 𝒏 ) = 𝐸𝜓( 𝑹1 , ..., 𝑹 𝒏 ; →
𝒓 1 , ..., →
𝒓 𝒏 )(2.5)

Where the Hamiltonian and wavefunction depends on the position of all the nuclei and
position of all the electrons. In the next subsection, we will discuss Born-Oppenheimer
approximation that significantly simplifies equation 2.3.

2.1.2

Born-Oppenheimer Approximation

In their approximation, Born and Oppenheimer [10] neglected the motion of the nuclei since
their mass is about 2000 times that of an electron. The position of the nuclei is fixed, but the
position of the electrons can vary. Because the nuclei are stationary, the section of equation
2.3 describing the nuclei’s kinetic energy is 0. Furthermore, the nuclear-nuclear repulsion
does not vary for a given set of nuclei locations, and the part is constant. This enables us
to observe our molecular system of interest entirely by the electronic Hamiltonian:

𝐻𝑒𝑙𝑒𝑐

𝑛
𝑁 𝑛
𝑛
𝑛
1 ∑︁ ∑︁
𝑒2
ℎ2 ∑︁ 2 ∑︁ ∑︁ 𝑍𝑖 𝑒 2
∇ −
+
= 𝑇𝑒 + 𝑉𝑛𝑒 + 𝑉𝑒𝑒
=−
2𝑚 𝑖=1 𝑟𝑖 𝑖=1 𝑗=1 |𝑅𝑖 − 𝑟 𝑗 | 2 𝑖=1 𝑗=1,𝑖≠ 𝑗 |𝑟𝑖 − 𝑟 𝑗 |

(2.6)

Here T is the kinetic energy of the electrons, V𝑛𝑒 is the electrostatic attraction of the
electrons to the nuclei and V𝑒𝑒 is the electrostatic repulsion between the electrons. The
solution to the Schrodinger’s equation with an electronic Hamiltonian is the electronic wave
function (𝜓 𝑒𝑙𝑒𝑐 ) with the eigenvalues (𝐸 𝑒𝑙𝑒𝑐 ):

−
−
−
−
𝐻𝑒𝑙𝑒𝑐 𝜓 𝑒𝑙𝑒𝑐 (→
𝒓 1 , ..., →
𝒓 𝒏 ) = 𝐸 𝑒𝑙𝑒𝑐 𝜓 𝑒𝑙𝑒𝑐 (→
𝒓 1 , ..., →
𝒓 𝒏)

(2.7)

A comprehensive description of the electron must include its spin 𝑠𝑖 (up or down).
We will ignore the electron spin for the sake of simplicity. The electronic wavefunction
is dependent on the electron’s spatial coordinates. Nuclei coordinates are not explicitly
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included in 𝜓 𝑒𝑙𝑒𝑐 since they are only parametrically related to the electronic wavefunction.
The ground state of this system is defined as the wavefunction solution that yields the
lowest energy. We refer to the value of the ground state wavefunction’s eigenvalue as the
energy of that state.
However, the electronic wavefunction cannot be precisely determined beyond the fundamental solution, as 𝑉𝑒𝑒 in 𝐻𝑒𝑙𝑒𝑐 is difficult to solve. In the many-body problem, each
electron simultaneously endures an electronic static repulsion due to the existence of every other electron. It is critical to keep in mind that the wavefunction itself cannot be
observed directly when creating this approximation. The probability that there are n electrons at a specific set of coordinates (r1 ,...,r𝑛 ) may be measured. Electronic wavefunctions
are squared, and this gives us the probability:

−
−
−
−
−
−
|𝜓(→
𝒓 1 , ..., →
𝒓 𝒏 )| 2 = 𝜓 ∗ (→
𝒓 1 , ..., →
𝒓 𝒏 )𝜓(→
𝒓 1 , ..., →
𝒓 𝒏)

(2.8)

It is possible and helpful to approximate the electronic wavefunction 𝜓 𝑒𝑙𝑒𝑐 as a product
of individual wavefunctions, despite the fact that it is the function of coordinates of all n
electrons in the system.
−→
−→
−→
−
−
𝜓(→
𝒓 1 , ..., →
𝒓 𝒏 ) = 𝜓1 (𝑟) ∗ 𝜓2 (𝑟)...𝜓𝑛 (𝑟)(2.9)
This approximation is known as the Hartree product. Because electrons are indistinguishable from one another, we must calculate the electron density 𝑛(𝑟) at a certain point
in space and as a function of position. Electron density can be calculated by adding all
of the probabilities that an electron in the individual electronic wavefunction 𝜓(𝑟) as a
function of r is located at position r.

−𝒓 ) = 2
𝑛(→

∑︁

−𝒓 )𝜓 (→
−
𝜓𝑖∗ (→
𝑖 𝒓)

𝑖
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(2.10)

The spin of the electrons accounts for the factor of 2 before the summation. According
to the Pauli-exclusion principle, any individual electronic wavefunction can be filled by
two different electrons with opposing spins. It is crucial that a first interpretations notes
the electron density contains much less of the information that the entire wavefunction
does, but it is a lot easier quantity to handle since it is a function of only three spatial
dimensions rather than three N coordinates. So, how can we utilize the electron density to
solve Schrodinger’s equation? The answer comes in the use of Density Functional Theory
(DFT), which simplifies the process of solving Schrodinger’s equation using electron density.
The two fundamental theorems of the field, the Hohenberg-Kohn Theorem and the KohnSham Theorem, will be discussed in detail in the next two sections.

2.2

Hohenberg-Kohn Theorem

The Hohenberg-Kohn theorem [19] states that the ground state energy E from the Schrodinger’s
equation is a unique functional of the electron density 𝑛(𝑟).

−𝒓 )] = 𝐸
𝐸 [𝑛(→

(2.11)

A functional takes a function as its input and outputs a single number.The ground state
energy of a system can be expressed as a functional of the electron density. It is for this
reason that the topic is referred to as Density Functional Theory (DFT). It is useful to
write the functional described by the theorem in terms of single electrons wavefunctions.

𝐸 [𝜓𝑖 ] = 𝐸 𝑘𝑛𝑜𝑤𝑛 [𝜓𝑖 ] + 𝐸 𝑋𝐶 [𝜓𝑖 ]
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𝐸 known [{𝜓𝑖 }] =

∑︁

𝜓𝑖∗ ∇2 𝜓𝑖 𝑑 3𝑟

∫
+

−𝒓 )𝑛(→
−𝒓 )𝑑 3𝑟
𝑉 (→

𝑖

 
(2.12)
−𝒓 )𝑛 →
−𝒓 ′
∬ 𝑛(→
1
3 3 ′
+
→
−𝒓 − →
−𝒓 ′ 𝑑 𝑟𝑑 𝑟 + 𝐸 ion
2

The terms of the energy wavefunction is divided into two major parts, the first part
𝐸 𝑘𝑛𝑜𝑤𝑛 is a function of 𝜓𝑖 , a collection of the terms that can be written down in a simple
analytical form and the 𝐸 𝑋𝐶 term includes all quantum mechanical effects not included in
the ”known” terms. The known terms contain four contributions: electron kinetic energies,
Coulomb interactions between electrons and nuclei, Coulomb interactions between pairs of
electrons, and Coulomb interactions between pairs of nuclei respectively. In the following
section, we will look into Kohn-Sham Theory, which explains that the problem of determining the correct electron density can be expressed by solving a set of equations, each of
which includes just a single electron.

2.3

Kohn-Sham Theory

Kohn-Sham (KS) theory[25] states that the electron density that minimizes the energy of
the overall functional is the true electron density, corresponding to the full solution of the
Schrodinger equation.
1
−𝒓 ) + 𝑉 (→
−
→
−
→
−
→
−
[ ∇2 + 𝑉 (→
𝐻 𝒓 ) + 𝑉𝑋𝐶 ( 𝒓 )]𝜓𝑖 ( 𝒓 ) = 𝜖𝑖 𝜓𝑖 ( 𝒓 )]
2

(2.13)

Here, 𝑉 (𝑟) denotes the potential associated with an electron’s interaction with a collection of atomic nuclei, and 𝑉𝐻 (𝑟) denotes the Hartree potential, which describes the Coulomb
repulsion between the electrons in one of the Kohn-Sham orbitals and the total electron
density defined by all electrons in the problem. As a result, the Hartree potential contains
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a contribution from self-interaction, as the electrons described in the Kohn-Sham equations
are also included in the total electron density. A nonphysical effect of the Hartree potential
is that it involves a Coulomb interaction between the electrons and itself.

−𝒓 ) =
𝑉𝐻 (→

∫

→
−
𝑛( 𝒓 ′ ) 3 ′
→
−′ 𝑑 𝑟
→
−
|𝒓 −𝒓 |

(2.14)

The correction of this self interaction is one of numerous effects included in the final
potential,𝑉𝑋𝐶 (𝑟),

→
−
−𝒓 ) = 𝛿𝐸 𝑋𝐶 ( 𝒓 )
𝑉𝑋𝐶 (→
−𝒓 )
𝛿𝑛(→

(2.15)

which determines the exchange and correlation contributions to single-electron equations.
These equations are seemingly similar to the electronic Hamiltonian equations presented
previously. The primary distinction is that Kohn-Sham equations lack the summations
found in complete Schrodinger’s equations. This is because the solutions to the Kohn-Sham
equations are single electron wavefunctions that depend only on three spatial variables.
There is a cyclical pattern to the Kohn-Sham equations, and solving them necessitates
defining the Hartree potential. To get the Hartree potential, one must first determine
the electron density, to determine the electron density, one must first determine the single
electron wavefunctions; and to determine these wavefunctions, one must solve the KohnSham equations. The problem is often approached iteratively, as seen in Figure 2.1.
But even with well-defined and accurate solutions provided by the KS equations, we’re
left with an unsolved problem: the exact form of the exchange-correlation energy. As a
result, a variety of exchange-correlation functional approximations have been developed
during the last several decades, including the local density approximation (LDA) and the
generalized gradient approximation (GGA). In the following two sections we will discuss
the different types of functionals used in Density Functional Theory.
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Figure 2.1: Self-consistency method of Kohn-Sham Formulation

2.4
2.4.1

Different types of Density Functionals
Local Density Approximation (LDA)

The initial and still common approximations of the exchange correlation functional are the
Local Density Approximation (LDA). In LDA the functional can be exactly derived by
considering the exchange-correlation energy density of a uniform electron gas. In this case
the electron density is constant at all points in space. Although in any real systems the
interesting part lies in the variation in electron density, the uniform electron gas provides
a practical way to utilize the Kohn-Sham equations.

−𝒓 ) = 𝑉 electron gas [𝑛(→
−𝒓 )]
𝑉XC (→
XC

(2.16)

We set the exchange correlation potential at each position to be the known exchange
correlation potential from a uniform electron gas at the electron density observed at that
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position[16]. This approximation uses only the local density to define the approximate
exchange correlation functional and is thus called the local density approximation. LDA
provides a way to completely define the KS equations but it is very important to remember
that the results from these equations don’t exactly solve the true Schrodinger’s equation as
they don’t use the true form of the exchange correlation functional. There are a number of
approximation that have been used with the aim of approximating the true exchange correlation functional. One of the most widely used is the Generalized Gradient Approximation
(GGA) which we we will discuss in the next subsection.

2.4.2

Generalized Gradient Approximation (GGA)

GGA uses information about the local electron density and the local gradient in the electron density[44, 7, 27]. The second-order gradient approximation and exchange-correlation
energy limitations are better suited by this semi-local functional for rising densities.

𝐺𝐺 𝐴
𝐸 𝑋𝐶





𝑛, 𝑛↓ =

∫



® ↑, ∇𝑛
® ↓
𝑑®
𝑟 𝑓 𝑛↑, 𝑛↓, ∇𝑛



(2.17)

There are several ways in which the information from the gradient of the electron density can be included in a GGA functional. This leads to a large number of distinct GGA
functionals. Two of the most widely used in calculations involving solids are the PerdewWang (PW91) and the Perdew-Burke- Ernzerhof (PBE) because different functionals will
give somewhat different results for any particular configuration of atoms. Other type functionals beyond LDA and GGA includes local spin-density approximations (LSDA) , hybrid
functionals and strongly-constrained and appropriately normed (SCAN) approximation.
More generally, Perdew has referred to the hierarchy of approximate XC functionals as
’Jacob’s ladder’ , with each level rising both in accuracy and computing complexity. [46]
Typical benefits and drawbacks may be found in each functional, which works best
in a certain class of systems. Self-interaction error (SIE) is implicated for a number of
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DFT errors, including the violation of Koopmans’ theorem and a nonphysical long-range
potential behavior.

2.5

Self-Interaction Correction to Density Functional
Theory

It is well-known in DFT that the total of the Hartree interaction energy and the approximated Exchange Correlation Energy (XC) energy for all one-electron systems does
not completely disappear, which is referred to as the Self-Interaction Error (SIE) [47, 59].
Many approximate density functionals fail, resulting in a broad variety of issues in estimating features such as band gaps, energy difference between the highest occupied molecular
orbital and lowest occupied molecular orbital (HOMO/LUMO gaps), dissociation curves,
charge transfer excited states, unstable anions, orbital energies of occupied orbitals that
are excessively high, and so on. The Hartree energy is given by:
1
𝐸 𝐻 [𝑛(𝑟)] =
2

∫

1
𝜌(𝑟)𝑉𝐻 (𝑟) [𝑛(𝑟)]𝑑𝑟 =
2

∫

∫
𝑛(𝑟)𝑑𝑟

𝑑𝑟 ′

𝑛 (𝑟 ′)
|𝑟 − 𝑟 ′ |

(2.18)

When the density depicts just a single electron, the Coulomb energy integral;
1
𝑈 [𝑛(𝑟)] =
2

∫

∫
𝑛(𝑟)𝑑𝑟

𝑛 (𝑟 ′)
𝑑𝑟
|𝑟 − 𝑟 ′ |
′

(2.19)

does not vanish, indicating that the electron has a self Coulomb energy. And the exchange−𝒓 )) comprises terms that characterize an electron’s
correlation energy function 𝐸 𝑋𝐶 (𝑛(→
nonphysical interaction with itself. In this case, if the exact exchange-correlation functional
−𝒓 )) were known, this would solve the problem because the self-interacting
𝐸 𝑋𝐶 , 𝑒𝑥𝑎𝑐𝑡 (𝑛(→

21

terms would cancel each other out for each orbital.



 
𝐸 𝑋𝐶, exact 𝑛𝑖𝜎 , 0 + 𝐸 𝐻 𝑛𝑖𝜎 = 0

(2.20)

Here 𝑛𝑖𝜎 is the spin-dependent orbital electron density defined as 𝑛𝑖𝜎 = |𝜓𝑖𝜎 (𝑟)| 2 . But in
DFT, this cancellation is incomplete since the XC potential has an approximation form,
and this is the underlying source of SIE.
𝑁𝜎
∑︁ ∑︁
𝜎



 
𝐸 𝑋𝐶, exact 𝑛𝑖𝜎 , 0 + 𝐸 𝐻 𝑛𝑖𝜎 = 𝐸 𝑆𝐼 𝐸 [𝑛1 , 𝑛2 . . . . . .]

(2.21)

𝑖

Self-interaction corrections (SIC) to density functional theory (DFT) attempt to remove
𝐸 𝑆𝐼𝐶 . In the following sections, self-interaction correction methods Perdew-Zunger SelfInteraction Correction (PZ-SIC) and Fermi-Löwdin Orbital Self-Interaction Correction are
explained.

2.5.1

Perdew-Zunger Self-Interaction Correction (PZ-SIC)

In 1981, Perdew and Zunger presented a self-interaction correction (SIC) strategy to alleviate the impacts of SIE (PZ-SIC) [42, 45]. SIE is corrected by removing the self-Coulomb
and the self-exchange energy on an orbital-by-orbital basis.

𝑃𝑍 𝑆𝐼𝐶
𝐸 𝑋𝐶
[𝑛] = 𝐸 𝑋𝐶 −

∑︁

(𝑈 [𝑛𝑖 ] − 𝐸 𝑋𝐶 [𝑛𝑖 ])

(2.22)

𝑖

Even though the PZ-SIC technique is a straightforward one, it’s limited to small molecules.
KS (delocalized or canonical) orbitals may lead to a size-extensivity issue that results in a
correction per atom that is different from that in an atomic system. In these systems, a
single rotation of occupied KS orbitals to localized orbitals may be employed to produce the
finite correction. In the 1980s, Pederson, Heaton, and Lin [40] demonstrated a localization
strategy that used the localization equation to create localized orbitals that minimize energy
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(LE) with a pseudo- eigenvalue equation given below:

𝑆𝐼𝐶
< 𝜙 𝑗 𝜎 𝑉 𝑗𝑆𝐼𝐶
𝜙𝑖𝜎 >= 0
𝜎 − 𝑉𝑖𝜎

with eigen-value equation



𝑆𝐼𝐶
𝐻𝜎𝐾𝑆 + 𝑉𝑖𝜎
𝜙𝑖𝜎 =

𝑁𝜎
∑︁

𝜆𝑖 𝑗 𝜎 𝜙 𝑗 𝜎

𝑗

In this equation, 𝜙 is the localized orbital, 𝜎 is the spin index and 𝑉 𝑗𝑆𝐼𝐶
𝜎 is the partial
functional derivative with respect to the orbital density 𝑛𝑖𝜎 . However, this technique is
costly since the local orbital obtained from a collection of localized orbitals is not unique,
and a careful choice of starting guess is required to minimize the SI corrected total energy
variationally.
This approach is not completely size-extensive since the total energy is no longer invariant with respect to the unitary transform of KS orbitals due to SIC, which needs orthogonalization. As a result, Pederson et al. created the Fermi-Löwdin Orbital Self-Interaction
Correction (FLOSIC) as an extension of the PZ formalism in 2014.

2.5.2

Fermi-Löwdin Orbital Self-Interaction Correction (FLOSIC)

In response to the computing constraints associated with meeting the restriction with
KS orbitals, the Fermi-Löwdin SIC (FLO-SIC) [57] was developed, which makes use of
a Löwdin-orthogonalized set of Fermi orbitals that are localized via construction. When
given a certain set of KS orbitals, a Fermi Orbital (FO) may be described as follows at any
location in space 𝑎𝑖 :

𝜓 ∗𝑗 𝜎 (a𝑖 ) 𝜓 𝑗 𝜎 (r) 𝑛𝜎 (a𝑖 , r)
= √︁
√︃
Í
2
𝑛𝜎 (a𝑖 )
𝑗 𝜓 𝑗 𝜎 (a𝑖 )

Í
𝐹𝑖𝜎 (r) =

𝑗

(2.23)

It is equal to the spin density of a single electron divided by the square root of the
overall spin density. Because of the relatively straightforward transformation of the KS
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orbitals, the FO can be obtained. The computational efficiency of the FLO-SIC approach
over the PZ-SIC method is the method’s primary benefit. In this work we use DFT to
create the low-lying excited states in a large cluster of molecule (Mn12 − 𝐴𝑐).
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Chapter 3
Spin-Flip Excitonic (SFE) States in
Mn12O12-Acetate
3.1
3.1.1

Spin-Flip Methods
History

Based on the discovery that correlation is negligible for same-spin electrons, the spinflip treatment makes use of the physics of low-spin and high-spin states and applies it to
them. With the help of a well-behaved high-spin state as a starting point, one may reach
problematic low-spin states using the same formal methods as are used in the excited-state
treatments.
In particular, single excitations that flip the spin of one of the spin-up (𝛼) electrons
may be used to reach the configurations low-spin states. As a result, spin-flip approaches
are produced due to the action of a spin-flipping excitation operator on a single high-spin
reference determinant. This strategy is capable of addressing a large class of issues with
significant correlations while keeping the theoretical beauty and black-box aspect of singlereference approaches. Combining the spin-flip concept with various models of electron
correlation results in a hierarchy of approaches ranging from low-level, affordable models
to very precise ways that converge to full configurations interaction in a systematic fashion.
In accordance with Bethe’s work [8], the first application of Spin-Flip Excitons(SFEs)
may be traced back to the use of spin-flip transformations to construct antiferromagnetic
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states with cyclic spin chains from a ferromagnetic spin configuration. It was published
in 2001 by Krylov [26] that she developed a more formal theory of this method for the
investigation of molecular electronic structure in the framework of the equation-of-motion
coupled-cluster (EOM-CC) and configuration interaction (CI) formalisms. Because of the
early study and application of SFEs, the significance of this technique for comprehending
electronic excitations has been repeatedly identified and recognized. It has been shown that
spin-flip techniques may be used to examine bond-breaking and the formation of diradicals, triradicals, polyradicals, potential energy surfaces and conical intersections, magnetic
couplings in single-molecule magnets as well as understanding excited-state phenomena.
Spin-flip techniques and their probable applications are discussed in this section. After
that, we’ll go through the spin-flip techniques that were used in this study and go into
detail about how they were utilized to make predictions about the low-lying excited states
of Mn12 -Ac. Before that let us revisit the excited states in Mn12 -Ac

3.1.2

Excited States in Mn12 -Ac

In recent years, research has focused on compounds known as single molecule magnets, or
SMMs, for their new features, such as quantum tunneling and hysteresis loops at the singlemolecule level. As a result, SMMs are being explored as possibilities for molecule magnetic
memory and quantum computing components. We still don’t know all we need to know
about these materials’ spin exchange constants, accurate spin Hamiltonians, excited states
of the molecular framework, and charge transport characteristics — critical for electro-optic
applications.
In a work by Pederson et al [35], they investigate the property of S=9 low-lying excited
state in Mn12 -Ac. In the study they report the discovery of numerous S = 9 low-energy
excited-state manifolds above the ground-state manifold. DFT was used to determine the
low-lying spin excitation magnetic anisotropy barriers. The calculations shows that the
anisotropy barriers for low-lying excited manifolds are almost identical to those for the
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ground-state manifold, which is relevant to other single-molecule magnets like Mn4 . Using
density-functional theory, they estimated intramolecular exchange interactions among Mn
spins in the single-molecule magnet Mn12-Ac. They used the Lanczos technique to diagonalize the isotropic Heisenberg Hamiltonian. This work found a S = 9 first-excited manifold
at 40.5 K above the S = 10 ground-state manifold. The energy gap (40.5 K) is an upper
limit since more precise treatments of the Coulomb potential or electron correlations may
minimize it. This suggests that the first stimulated manifold is substantially lower than
the S = 10 ground-state manifold’s high energy levels. The calculations used DFT and
second-order perturbation theory, assuming that the spin-orbit coupling is the most relevant interaction. These are similar to the anisotropy barriers for the S = 10 ground state.
The work leads us to believe that the anisotropy barriers for low-lying excited manifolds
are similar to the S = 10 ground state.
There is an important distinction between the spin-flip excitons discussed by Bethe and
Krylov [26, 8], and in the forthcoming work, and the S=9 states just discussed. For the
S=9 states discussed in Ref [35], all of the 𝑑 electrons on two different sites are flipped.
The cost in energy for such excitations, in a single atoms, would be zero which is in accord
with the 40.5 K energy change observed in Ref. [35]. Moreover, the magnetic anisotropy
of the single Mn centers would not be expected to change in the single atom limit. For
a single electron spin flip on an ion with more than one un-paired electron, discussed by
Bethe and Krylov, the magnetic anisotropy does change as does the energy of the system.
It is important to realize that these are two different phenomena. In the next section we
will go over the methods used to predict other low-lying excited states in Mn12-Ac.
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3.2
3.2.1

Methodology
NRLMOL

The calculations here are performed using the Naval Research Laboratory Molecular Orbital Library (NRLMOL) suite of codes [41, 22] to describe the electronic and magnetic
structures of the Mn12 -Ac molecule. The code is based on Kohn-Sham formulation of
density functional theory (DFT) and solves Kohn-Sham equations by expressing the KohnSham orbitals as a linear combination of Gaussian orbitals [48]. The basis sets in NRLMOL have been tailored for the PBE exchange-correlation functional and are significantly
larger than the default basis sets used in other codes. Throughout the calculations presented in this thesis and for a given initial structure, the DFT Hamiltonian was solved
self-consistently in order to get the minimized energies using PBE-GGA as the exchange
correlation-functional. The electronic energy optimization were performed with energy convergence criteria of 0.1000 ×10−5 Hartree and the geometry optimization was considered to
be converged when the Hellmann-Feynman forces were smaller than 0.001 Hartree/Bohr.
Each of the spin states of S= 10, S=9, S=6 and S=2 were optimized. For the S=6 and S=2
manifolds, tighter criteria was used for the force convergence to confirm that these states
were actually excited states. Previous calculations on this molecule [38] investigated the
magnitude of local moments on Mn atoms by ”measuring”, through calculation, the total
moment enclosed within a sphere of radius 1.48˚
𝐴 centered about Mn atoms. The results of
that study demonstrated that the inner minority-spin (S=3/2) ions have a net moment of
-2.57𝜇 𝐵 , while the outer majority-spin ions (S=2) have net moments of 3.58𝜇 𝐵 and 3.63𝜇 𝐵
respectively. For comparison, in other spin states, a Mn atom with five unpaired 𝑑 electrons was determined to have a moment of 4.1𝜇 𝐵 [38]. In this study we have used the same
integration criteria as used in Ref [38] to approximate the spin of each Mn atom w.r.t. the
estimated magnetic moment. Tutorials on how to use NRLMOL code for DFT calculations
can be found in appendix A and B.
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3.2.2

Magnetic Anisotropy Energy

The magnetic anisotropy energy, which was initially described by Van Vleck [54] is a critical
energy scale for the construction of molecule size magnetic memory systems. It establishes
the temperature at which thermal processes will cause a molecule or cluster’s spin projection
to randomly realign itself. Additionally, the magnetic fields required to accomplish resonant
spin tunneling are proportional to the anisotropy energy, a relationship that is particularly
straightforward for uniaxial systems when the barrier is dominated by second order effects.
The magnetic anisotropy energy calculated here are based on the methods described by
Pederson and Khanna [37]. The method is independent of the type of basis set that is
employed and is applicable to both isolated and periodic systems. A simple but precise
formalism for adding spin-orbit coupling into density-functional calculations to compute
magnetic anisotropy energy is implemented in NRLMOL.

3.2.3

Spin-Flip Calculations

To look for the possibility of the presence of S=1 centers in Mn12 -Ac, we incorporate
spin-flip excitations (SFEs) on crown Mn centers (normal found to be S=2). In contrast
to thinking about the quantum state of Mn12 -Ac in terms of a series of single-electron
spin flips, it has been recognized that the lowest excitations of this molecule are spin flips
of all three or four unpaired electrons on each site. Prior to the results presented here,
studies have concentrated on understanding the ground-state and lowest-excited-state spin
excitations in terms of a huge manifold of different spin orderings and reorientations of
twelve spins with multiplicities of 4 for the inner cubane and 5 for the outer crown Mn.
This manifold has dimension of 100 million (44 × 58 ) and it is the correct manifold for
understanding the spin excitations. In this study we answer the question on how electronic
SFEs, both forbidden (FSFE) and non-forbidden (NFSFE), give rise to the low-energy
manifold of electronic excited states in the Mn12 -Ac. For such excitations, S=1 centers play
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the primary role. The new manifold of excited states investigated here, present themselves
with total spin of S=9, S=6 and S=2.
Manipulation of the excited state with S=1 Mn centers using spin-flip excitations leads
to spin crossover (SCO), which we will discuss in the following subsection.

3.2.4

Spin-Cross Over (SCO) Pathways Calculations

It is possible that a molecular magnetic material may demonstrate bistability even if there
is no transition to long-range magnetic order; as a result, it will be shockingly beneficial
for memory applications. Among the most remarkable manifestations of this bistability is
that of the spin crossover phenomenon, often known as a spin transition. Spin crossover
(SCO) is also interpreted as transitions between different electronic states of the same
complex having different spin states and generally slightly different nuclear equilibrium
configurations. As a result, SCO allows a complex to exist in either High Spin (HS) or
Low Spin (LS) states. More generally, as shown here ”medium spin” is also possible. Some
systems such as Iron (II) (3𝑑 6 ) can show a crossover between LS (S = 0) and HS (S = 2)
which can be caused by changes in temperature or light irradiation, respectively. Because
there are distinct orbital occupancies in the HS and LS states, the distance between the
metal donor atom and the donor atom in complexes is very sensitive to the spin state [1].
Spin crossover can also occur due to light. At low temperatures, it is possible to turn
a metastable LS state into a metastable HS state by exposing the system to a certain
wavelength of light. The LIESST effect (light-induced excited spin state trapping) is the
name given to this phenomenon. It is also possible to reverse the process by employing
light with other wavelengths. A low temperature is required for the production of the
metastable state, otherwise, its lifetime becomes extremely short and eventually disappears
at a temperature of 𝑇𝐶 . The photo-switching process can display nonlinear properties, and
evidence is accumulating that the photo-induced HS phase differs structurally from the
thermally induced HS phase, which is consistent with previous findings. [34]
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In solid state, the crossover is quite abrupt, indicating that cooperativity is a significant
factor in the process. The shift in distance between the metal and the donor atom that
occurs as a result of the spin crossover creates an internal pressure that is transmitted to
the surrounding molecules by phonon transmission. As the transition advances across the
molecule, the atoms that have switched spin states create a growing amount of internal
pressure, which causes the transition on the other unswitched metal centers to proceed
more rapidly. Therefore, increasing the cooperativity of the transition can help to make
the transition more abrupt. In order to do this, chemical bridges may be used to connect
the active sites, polymeric structures can be designed, aromatic groups can be stacked, and
hydrogen bonding can be introduced [23].
To obtain spin crossover paths associated with the different spin states, we have performed SCO pathway calculations between the three fully optimized geometries corresponding to the spin states of S=10, S=6 and S=2. We first optimized each geometry using the
criteria mentioned in section 3.2.1. We then move between the S=2 to S=6, S=6 to S=10,
and S=10 to S=2 geometries by generating 9 geometries between these two structures and
and calculating the energy as a function of displacement. The total distance between each
pair of equilibrium geometries is 3.27 a.u, 2.46 a.u, and 4.0 a.u. for the 2-6, 6-10, and
10-2 crossover pathways. In addition to ten uniform steps between the respective equilibrium geometries we have moved five steps to away from each equilibrium geometry to fully
bracket the spin crossover curve. With respect to the determination of magnetic moments,
changes in local moments along each SCO path are recorded in Table 4.3. The results are
presented in chapter 4.
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Chapter 4
Results
4.1

Review of S=10 ground state

Early calculations on Mn12 -Ac, within the PBE-GGA density-functional approximation,
provided an electronic structure and spin structure that compared with experiment to
the degree that is generally expected [37]. Even with increases in computer power over
the last twenty years, the computational findings on the ground state for the electronic
and magnetic structure of this molecule remain very stable and the description of the
local electronic structure for each of the eight outer frontier Mn ions is relatively simple.
The eight outermost Mn 𝐼 𝐼 𝐼 ions appear in a 𝑑 ↑↑↑↑ configuration. In a local picture of the
electronic structure, each of these eight sites have three occupied t2𝑔 𝑑 electrons at low
energy and a local HOMO and LUMO are constructed from e𝑔 states that are split by
local Jahn-Teller (JT) distortions. The eight outermost Mn ions are further split into two
sets of four equivalent Mn ions. One set of the four equivalent Mn atoms has a higher
chemical potential and these four Mn atoms yield the four highest-occupied molecular
orbitals (HOMOs) and four lowest-occupied molecular orbitals (LUMOs). The molecule as
a moiety presents itself in S4 symmetry and therefore the Kohn-Sham orbitals transform
according to A1 , A2 or 𝐸 representations. Relative to the center of the molecule, the
lowest angular momenta contributing to these symmetry groups are S, P𝑧 , and (P𝑥 ,P𝑦 )
symmetries. PBE-GGA calculations find four nearly degenerate majority spin electronic
states at -5.00 eV as the highest occupied molecular orbitals (HOMOs) and four nearly
degenerate minority spin electronic states at -4.64 eV as the lowest unoccupied molecular
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orbitals (LUMOs). In both cases the four HOMO and LUMO states appear as a two-fold
E state, a one-fold A1 state and a one-fold A2 state as expected from the discussion on the
local auf bau principle that suggests the HOMO/LUMO on each site is derived from the
localized JT-split 𝑒 𝑔 states on each atom.
The lowest on-site excitation on each of the outer Mn ions are associated with excitations
between the occupied and unoccupied majority spin 𝑒 𝑔 electrons. Direct creation of a
localized exciton on one of these outer Mn ions would be dipole forbidden if there were not
perfect octahedral symmetry at each of these Mn sites. However, the outer Mn ions are
not symmetric under inversion through the center. So each of the localized 3𝑑 electrons
which occupy these sites would be at least weakly dipole coupled to unoccupied 3𝑑 states
on the same site since they would not be pure 𝑑 states. Further, the Kohn-Sham orbitals
abide by S4 symmetry and come in representations that transform like S-, (P𝑥 ,P𝑦 ), and P𝑧
under point group symmetry operations. Therefore, in the same way that in the stretched
bond limit for H2 , the dipole matrix element between bonding (𝜎𝑔 ) and antibonding (𝜎𝑢 )
are strongly coupled by the dipole operator, it is also true for the symmetrized Kohn-Sham
orbitals associated with 𝑒 𝑔 orbitals. While direct creation of a 3𝑑 localized exciton on one of
the outer Mn ions is weakly allowed, an alternative approach to creating such a state would
be through an internal conversion mechanism after excitation to one of the multi-center
symmetrized Kohn-Sham virtual orbitals. The absorption spectra, based upon Kohn-Sham
energies and dipole matrix elements, is shown in Fig. 4.1.

4.2
4.2.1

Low-Lying Excited States of Mn12O12-Acetate
A Symmetry Broken M𝑆 =9 Magnomer

All the structures studied maintain the S4 symmetry group that is associated with the
ground-state structure. The S=6 structure should be thought of as four single-electron
dipole- and spin- forbidden spin flips on each of the Mn atoms that are coordinated by a
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Figure 4.1:

Dipole weighted joint density of states for the S=10 and S=9 low-energy
excitation spectrum. Both structures have a finite HOMO/LUMO gap.
The positive gap for the S=9 configuration is caused by electronic relaxation after excitation. Subsequent geometrical relaxation does not
change the value of the gap for the S=9 state. In contrast to the S=9
states, and other spin manifold discussed in Ref. [35], the magnetic
anisotropy and moment are strongly changed when the spin-flip exciton is created

water molecule. Each of these spin-flips arises by vacating a localized occupied e𝑔 majorityspin HOMO orbital and promoting it to a localized unoccupied T2𝑔 minority-spin orbital.
As discussed above these orbitals are not the lowest unoccupied orbitals. These excitations
are of significant importance from the standpoint of stability of the single-macro-spin behavior of the S=10 structure. Further local Jahn-Teller distortions and localized vibrations
associated with the water-coordinated Mn atom, in conjunction with spin-orbit coupling,
determine the degree to which one of these double-forbidden single-electron spin flips re34

main forbidden. Retention of long recombination rates would mean that one could store
approximately 0.5 eV of energy in the S=6 state by creation of four sequential low-energy
optical transitions followed by internal conversion to the the S=1 Mn states. Alternatively,
any non-relativistic mechanism that allows for the mixing between a multi-determinantal
many-electron states, would lead to additional contributions to the magnetic behavior and
contribute to non-idealities of the single spin behavior. Pictured in Fig. 3 is the simulated
absorption spectrum for the S=9 molecular magnet which is created by a spin-allowed
transition of one of the electrons on the S=9 Mn12 molecule. This figure shows that at the
ground-state geometry for the S=10 molecular magnet, electronic relaxation after a local
spin-flip, leads to a system with a small HOMO-LUMO gap of 0.2 eV. The S=9 structure
clearly shows a change in local moment on the active Mn that is consistent with the majority spin decreasing by one electron and the minority spin increasing by one unit. While
the relaxed S=9 structure is higher in energy than the S=10 structure by 0.55 eV (for a
vertical transition), the emergence of a finite HOMO/LUMO gap upon electronic relaxation, suggests that this structure can relax, geometrically, further which then leads to a
self-trapped exciton that is spin forbidden and also optically opposed to recombination due
to a lack of Franck-Condon overlap. When we allow this structure to relax further, we find
that the S=9 excited structure decreases to 0.16 eV. The fact that the S=6 structure stores
four times as much energy for both the vertical and relaxed states, is a strong indication
that the interpretation of self-trapped spin excitons is correct. Determining a mechanism
based upon a spin-forbidden optical excitation followed by internal conversion would allow
for a long-lived S=6 Mn12 -Ac qubit that is capable of storing 1.2 eV of energy. When
appearing as virtual states in the sum-over-states determination of magnetic anisotropy
Hamiltonians, these spin-forbidden virtual excitations account for 65% of the anisotropy
barrier. The anisotropy energy for this configuration decreases from 55.5K to 48.5K which
is in fact consistent with the previous assertions that these spin-flip excitons are important
for formation of the MAE.
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While the fully relaxed S=2 and S=6 Mn12 -Ac molecule composed of 4 and 8 S=1 Mn
ions suggest an additive energy of 0.2 eV per S=2 to S=1 transition, the occurrence of a
single S=1 Mn ion shows great stability of the S=1 state. We find that a single S=1 Mn 𝐼 𝐼 𝐼
relaxes to an energy that is 0.16 eV above the ground state. The moments within a sphere
for this state are found to be 2.00, and 3.7-3.8 for one low-spin and three high-spin water
coordinated Mn ions. For comparison, the moments associated with the 4 crown Mn 𝐼 𝐼 𝐼 are
3.56-3.60 and the 4 cubane Mn 𝐼𝑉 are 2.58. As shown in the GGA-based dipole-weighted
density of states (Fig. 4.1), this structure shows very low energy absorption in the range
of 0.2 eV. This is to say that when relaxed, S=9 structure does not have any holes in
the valence band and could therefore be long lived. We are performing studies to determine if, upon vertical excitation, the excess energy could be stored as vibrational energy.
These excitations would be dipole forbidden. In Ref. [37], it was discussed that from the
standpoint of formation of the magnetic anisotropy barrier these excitations are also not of
significant importance as they only account for 13 percent of the anisotropy barrier. It was
further shown that, contrary to what is expected from sole consideration of energy gaps, it
is the spin-orbit matrix elements between occupied majority and unoccupied minority spin
electrons that account for 65 percent of the anisotropy energy. Pederson and Khanna [37]
found that the splittings between the occupied and unoccupied majority and minority spin
electrons are on the order of 0.8-1.6 eV.

4.2.2

An M𝑆 =6 Magnetic State of Mn12 O12 -Acetate

To freeze in four excitons on the Mn2 molecule we have started the calculation by fixing
the net moment of the molecule to be 12. Starting with the ground-state 𝑆 = 10 geometry
we have placed a bias potential at each of the three inequivalent Mn centers and started
the calculations. In terms of finding the four-exciton state, the best results were obtained
by biasing the Mn1 and Mn3 to be antiferromagnetically ordered and biasing the the Mn2
to be unpolarized. This biasing potential is removed after the first iteration of the the first
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Figure 4.2:

(Left) DOS of three inequivalent Mn atoms in Mn12 -Ac of the three
spin states of S=10, S=6 and S=2. (Right) Structure of Mn12 -Ac for
the three spin states. In all three panels the inequivalent Mn atoms are
colored differently. The structural changes w.r.t. S=10 ground state
are shown in terms of the dimension of the molecules when the total
spin is reduced to 6 and 2 (green arrows) and the separation of inner
Mn atoms (blue arrows). To show the correspondence of DOS of the
different inequivalent Mn atoms with those shown in the structure of
the Mn12 -Ac, the label of each plot is colored to reflect the Mn atoms
that was analyzed. In all the plots, the Fermi level was set to the middle
of the HOMO and LUMO levels. The HOMO level for the S=2, S=6
and S=10 state is found to be -4.2 eV, -4.7 eV, and -5.1 eV.
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geometry but allows the system to start with a ferrimangetic-ordered spin configuration
that is qualitatively similar to that which is expected from four single electron spin flips on
each site. After converging the electronic structure we find the vertical excitation for this
highly forbidden transition to a four-exciton spin-flip state (FESFS) to be 2.2 eV above
that of the ground-state S=10 structure. Additional relaxation of the geometry further
stabilizes the energy of the FESFS to be only 1.2 eV above the ground state structure.
The geometry is visibly changed due this excitation with the largest change around the
Mn-OH2 regions (See Fig. 4.2 and Table 4.1).
Table 4.1:

Energy, MAE, HOMO/LUMO Gap and separation between Mn and
water molecule (Mn–O bond) as a function of spin ordering and total
spin.

| < 𝑆𝑧 > |
2
6
10

Energy (eV)
2.4
1.2
0.00

MAE (K)
6.5
15
55

Gap (eV)
0.20
0.27
0.52

Mn–OH2 (Å)
2.06
2.05
2.31

The net distance between the S=10 and S=6 structure along a SCO path connecting
the two structures is 2.7 Bohr. In Fig. 4.2, we show the potential energy curve for both
the S=6 and S=10 structure along this pathway. Configuration 0 corresponds to the S=6
structure and Configuration 10 corresponds to the S=10 structure. In addition we show
the energies of these structures at nine equally spaced positions between the two structures
and also five configurations past the S=10 structure and five configurations before the S=6
structure. An important point is that the harmonic-oscillator wave functions associated
with the two parabola would not overlap with one another so this shows that in addition
to the transition being spin forbidden, a Franck-Condon analysis would also suggest that
direct transitions between the two states would be extremely unlikely.
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4.2.3

An M𝑆 =2 Magnomer

Similar to the setup of the Mn12 -Ac molecule for S=6, a third possible structure was
studied by fixing the total spin of the system to S=2. The assumption was based on having
8 Mn atoms with S𝑙𝑜𝑐 =1 and four inner Mn atoms with S𝑙𝑜𝑐 =-3/2. The structure of the
molecule was allowed to fully relax while the magnetic ordering was set to be started from
a ferrimagnetic spin ordering. The results of these calculations show that the S=2 system
is 2.4 eV higher in energy than the S=10 ground state. The structural changes in the
molecule were due to this spin excitation when compared to the minimum energy structure
of S=10 (See Figure 4.2). While the bond length between the inner Mn atoms (shown
in yellow) increases, the length of the molecule as the separation between the 8 outer Mn
atoms decreases.
A detailed analysis of the energy levels was obtained by calculations of DOS for each
inequivalent Mn atom in different spin states. For the S=2 state, all three Mn atoms
show a similar trend: shift to higher energies and consequently less stable structure while
preserving the spin majority channel on the Mn atoms. The intensity of the 𝑑 states near
the Fermi level was more pronounced on the outer Mn atoms with a mixed feature coming
from Mn2 and Mn3 as shown in Figure 1 when the total spin of the system was reduced.
The integration of the charge and moment on the three inequivalent Mn atoms shows that
fixing the magnetic moment of the molecule to S=2, affects the spin state of the outer
Mn atoms with a slightly higher value of the moment on the Mn3 vs. Mn2 (1.95 𝜇 𝐵 vs.
1.89𝜇 𝐵 ). The magnetic moment on the Mn1 (inner Mn atoms) remains almost the same
as it was for S=10 (-2.90). The results of these analysis show that another four exciton
spin transitions could be obtained by flipping the spin of valence electrons on the outer Mn
atoms to excite the molecule from an S=6 spin state to an S=2 state while the inner Mn
atoms spin remains unchanged.
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4.3

Spin-Cross Over Pathway

Figure 4.3: Geometries of each excitonic state.
As the geometry changes, significant changes in the local magnetic moments are seen.
The permutation of moments between Mn2 and Mn3 at one point of the spin-crossover
curve in Fig. 4.4 is due to a shift in local moments on the two crown Mn for the S=2 to
S=6 pathway. The approach of estimating local moments using an atomic-sphere confirms
the assignments provided in Table 4.2 and qualitatively reproduces variations in local spin
as the geometry changes.

Our spin-crossover calculations suggest that there will be a barrier of at least 1.2 eV
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Table 4.2:

| < 𝑆𝑧 > |
2
6
10

Column 2-4 shows the assignments of actual local spins for the ground
state and 4- and 8- exciton excited states. Column 7-8 correspond to
the energy of a specific S𝑧 state calculated at the equilibrium geometry
of the S𝑧 =2, 6 and 10.. All the energies are in (eV). See also Figure
4.4 for the energy pathways between the three spin states obtained in
different geometries. Column 8 indicates the geometry. For the three
different configurations we find |𝑆| expectation values of 18.35 , 54.04,
and 121.4 which translate to approximate spins of 3.81, 6.87, and 10.53.
shown in column 9.
S𝑧 = 4(S 𝑀𝑛1 + S 𝑀𝑛2 + S 𝑀𝑛3 )
Mn1 Mn2 Mn3 S=10 Energy S=6 Energy S=2 Energy Geometry
-3/2
1
1
2.59
2.74
2.29
S=2
-3/2
1
2
1.08
1.23
4.25
S=6
-3/2
2
2
0.00
2.66
5.53
S=10

for transition between S=10 to S=6 and a barrier of at least 2.3 eV for transition between
S=10 to S=2. Creation of the first exciton (S=10 to S=9) required 0.17 eV but multiple
excitons saturate quickly to approximately 0.3 eV/exciton. They are displayed in figure 4.4.
These low-energy excitations have not been discussed before. While the parent excitons
couple to the ground-state and provide approximately 65 percent [37] of the ground-state
anisotropy, we have been able to identify a mechanism that would include these states as
direct contributors to the ground-state wavefunction in a multiconfigurational study.
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|𝑆|
3.81
6.87
10.53

Figure 4.4:

The figure depicts crossing of the different spin states, the red curve
corresponds to S=2, blue curve corresponds to S=6 and black curve
corresponds to S=10. In S=2 to S=6 plot, a sudden jump in energy at
x=-2 (circled in the figure) indicates the presence of yet another low
energy FSFE along this pathway which is associated with the exciton
traveling from the Mn2 to the Mn3. A similar change in local moments
is observed at x=-4 in the S=10 to S=2 plot. The distances between
the S=10 to S=2 and S=6 equilibrium geometries is 4.0 a.u. and 2.45
a.u., respectively while the distance between the S=6 and the S=2 is
3.27 a.u.
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Table 4.3:

-5
0
5
10
15

-2.90,
-2.86,
-2.80,
-2.76,
-2.91,

Final local magnetic moments of Mn1, Mn2 and Mn3, along the spin
crossover pathway. The numbers in blue, red, and black refer to local moments on Mn1, Mn2, and Mn3 respectively. The minus sign
indicates antiferromagnetic ordering. Significant changes of the local
magnetic moments are apparent as the geometry changes. A change
in local moments on the two crown Mn for the S=2 to S=6 pathway
is responsible for the permuting of moments between Mn2 and Mn3
at one point of the spin-crossover curve in Fig. 3. The atomic-sphere
based method for calculating local moments affirms the assignments
made in Table 4.1 and qualitatively reproduces changes of local spin as
the geometry changes.

PATH S=2 to S=6
1.89, 1.95
-2.33, 2.11,
1.89, 1.92
-2.50, 2.02,
1.92, 1.81
-2.73, 1.97,
1.95, 1.74
-2.77, 1.95,
1.89, 1.95
-2.76, 1.92,

2.97
3.22
3.48
3.56
3.60

-2.80,
-2.77,
-2.73,
-2.70,
-2.67,

MOMENTS (𝜇 𝐵 )
PATH S=6 to S=10
1.95, 3.55
-2.39, 3.15,
1.95, 3.56
-2.48, 3.33,
1.93, 3.57
-2.54, 3.48,
1.92, 3.57
-2.58, 3.56,
1.92, 3.57
-2.59, 3.60,
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3.71
3.68
3.62
3.60
3.58

-2.61,
-2.58,
-2.49,
-2.32,
-2.06,

PATH S=10 to S=2
3.59, 3.63
-2.68, 1.87,
3.56, 3.60
-2.76, 1.83,
3.50, 3.53
-2.84, 1.87,
3.44, 3.37
-2.90, 1.89,
3.33, 3.13
-2.96, 1.91,

1.86
1.90
1.94
1.95
1.96

Chapter 5
Significance of Our Results and
Future Work
While Mn12 -Ac has been the subject of many theoretical and experimental studies, the
spin-flip excitations on the spin-carrying Mn centers which lead to S=1 Mn centers rather
than the observed S=2, have been overlooked. The recent findings on the Mn3 and Mntaa molecules, on the other hand, show that Mn centers can also exist in 3𝑑 ↑↑↑↓ state.
Through DFT calculations, we found that such states in Mn12 -Ac are obtained via spinflip excitons and lead to stable geometric and electronic structures in which the total spin
of the system reduces to S=6 and S=2 when four and eight crown Mn atoms carry a
spin of S=1. While this excitation is dipole- spin- and Franck-Condon forbidden, such spin
states can be obtained by four and eight photon excitations followed by internal conversion.
Both structures maintain their S4 symmetry but show significant changes in the magnetic
moment of the outer Mn atoms as well as the bond lengths between Mn atoms and water
molecules. The reduction in the spin of the system narrows the HOMO-LUMO gap and
shifts the HOMO state to higher energies. The MAE also shows a monotonic reduction
suggesting that in the case of Mn12 -Ac. The reduction is not linear in the number of
excitons. Our spin-crossover estimates predict a barrier of 1.2 eV between S=10 and S=6
and 2.3 eV between S=10 and S=2. S=10 to S=9 excitons need 0.17 eV to form, however
many excitons saturate fast to about 0.33 eV. These low-energy excitations are new. In a
multi-configurational investigation, we identified a method that would include the parent
excitons as direct contributors to the ground-state wavefunction. Further our indications
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is that the presence of these states would decrease the system’s anisotropy.
Additionally, we have calculated the vibrational spectra of the S=6 and S=10 state.
Our vibrational results attests that the four excitonic state (S=6) is vibrationally stable.
We want to further perform calculations and determine mechanism to see if this predicted
state can be seen experimentally. There is an ongoing discussion with experimentalists on
this topic.Understanding dynamics associated with creation of these low-energy excitons
could aid in determining mechanisms for switching the ground-state of a qubit and could
also provide some understanding of Mn-based water splitting.
NOTE: This thesis is an extended version of my paper, ”Electronic and Magnetic Signatures of Low-Lying Spin-Flip Excitonic States of Mn12 𝑂 12 − 𝑎𝑐𝑒𝑡𝑎𝑡𝑒” [15] published in
Polyhedron Journal and has been reproduced here with the permission of the copyright
holder.
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Appendix B
Reorienting molecule: NRLMOL
subroutine explanation
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